Mad2 is a key component of the spindle assembly checkpoint, a safety device ensuring faithful sister chromatid separation in mitosis. The target of Mad2 is Cdc20, an activator of the anaphase-promoting complex/cyclosome (APC/ C). Mad2 binding to Cdc20 is a complex reaction that entails the conformational conversion of Mad2 from an open (OMad2) to a closed (C-Mad2) conformer. Previously, it has been hypothesized that the conversion of O-Mad2 is accelerated by its conformational dimerization with C-Mad2. This hypothesis, known as the Mad2-template hypothesis, is based on the unproven assumption that the natural conversion of O-Mad2 required to bind Cdc20 is slow. Here, we provide evidence for this fundamental assumption and demonstrate that conformational dimerization of Mad2 accelerates the rate of Mad2 binding to Cdc20. On the basis of our measurements, we developed a set of rate equations that deliver excellent predictions of experimental binding curves under a variety of different conditions. Our results strongly suggest that the interaction of Mad2 with Cdc20 is rate limiting for activation of the spindle checkpoint. Conformational dimerization of Mad2 is essential to accelerate Cdc20 binding, but it does not modify the equilibrium of the Mad2:Cdc20 interaction, i.e., it is purely catalytic. These results surpass previously formulated objections to the Mad2-template model and predict that the release of Mad2 from Cdc20 is an energy-driven process.
Introduction
The process of mitosis is designed to deliver the faithful, equational division of the replicated genome. The generation of tightly connected replicated chromosomes (sister chromatids) during S-phase is prerequisite to the division process. Sister chromatid cohesion is then removed synchronously and irreversibly at the so-called metaphase-to-anaphase transition, when the individual sisters are distributed to the daughter cells in two equal masses [1] .
Before sister chromatid cohesion is removed, every pair of sister chromatids must have achieved bipolar orientation at the metaphase plate of the mitotic spindle. A biochemical device named the spindle assembly checkpoint (SAC) exercises tight control over the timing of anaphase, and ensures that anaphase only takes place after all sister chromatid pairs are bioriented [2] . The loss of sister chromatid cohesion at the metaphase-to-anaphase transition requires the activity of the Ub-ligase anaphase-promoting complex/cyclosome (APC/C) and of its activator Cdc20 [3] . To synchronize anaphase with the completion of bipolar orientation of all sister chromatid pairs, the SAC targets and inactivates Cdc20. Two SAC components, the Mad2 protein and the BubR1:Bub3 complex (we indicate a complex of two or more proteins with the names of the proteins separated by a colon), are able to bind Cdc20 directly [2] . Together, these proteins form the mitotic checkpoint complex (MCC), which is thought to act as a pseudosubstrate inhibitor of the APC [4, 5] .
Central questions in the checkpoint field concern the mechanism of checkpoint activation early in mitosis and the mechanism of checkpoint inactivation prior to anaphase.
Unattached kinetochores are believed to play a major role in SAC activation [2] . Kinetochores are complex protein scaffolds assembled on mitotic chromosomes and are responsible for microtubule capture [6] . Kinetochores of sister chromatid pairs that have not attained bipolar attachment are responsible for checkpoint activation and maintenance [7] . Consistently, all key players of the SAC (including, among others, Mad1, Mad2, Mps1, Bub1, BubR1, Bub3, and Cdc20 itself) localize at unattached prometaphase kinetochores [2] . Eventually, once the last kinetochore has attached, Cdc20 becomes able to activate the APC towards cyclin B and securin, its critical substrates at the metaphase to anaphase transition, and the cell exits from mitosis [3] .
The mechanism whereby unattached kinetochores regulate the binding of Mad2 to Cdc20, possibly the first step in the assembly of the MCC, is still unclear. Mad2 comes in two different conformations, open (O-Mad2) and closed (CMad2), that differ for the position of the C-terminal tail ( Figure 1A and 1B, reviewed in [8] ). Before SAC activation, most Mad2 is found in the monomeric open form and is not bound to Cdc20. Upon SAC activation, O-Mad2 binds to its Cdc20 target and switches to the closed form [9, 10] .
Throughout the cell cycle, a remaining 10%-25% of Mad2 is engaged in a very stable complex with Mad1 [10] [11] [12] in which Mad2 holds the C-Mad2 conformation ( Figure 1B ). The role of the Mad1:C-Mad2 complex in the sequestration of Cdc20 by Mad2 is underlined by four key observations. First, the tight Mad1:C-Mad2 complex acts as the kinetochore receptor of cytosolic O-Mad2, via the ''conformational'' dimerization of C-Mad2 and O-Mad2, a reaction that creates the trimer Mad1:C-Mad2:O-Mad2 ( Figure 1C ) [13, 14] . Second, Mad1 is required for Mad2 to bind Cdc20, at least in a normal cell cycle (reviewed in [2] ). Third, Mad2 mutants that are able to bind Mad1, but that are impaired in the formation of Mad2 conformational dimers, cannot complement the SAC defect when expressed in a mad2-deleted strain [13, 15] . Fourth, Mad1:C-Mad2 has been recently shown to convert O-Mad2 into C-Mad2, and evidence for its role in the formation of Cdc20:C-Mad2 has been provided [16] .
On the basis of these data, it has been suggested that Mad1-bound C-Mad2 starts a catalytic amplification of the checkpoint by binding to O-Mad2 in the Mad1:C-Mad2:OMad2 trimer, and thus facilitating the conversion of O-Mad2 into Cdc20-bound C-Mad2 (the network is described by reactions 1-3 in Figure 1D ). This still speculative model of Mad2 activation is named the Mad2-template model [13] . A possible twist to the model comes from the observation that Cdc20-bound C-Mad2 is a structural copy of Mad1-bound CMad2. Once released in the cytosol, Cdc20-bound C-Mad2 (located on the overlap between the yellow and the grey hexagons in Figure 1D ) might therefore propagate the OMad2 conversion away from kinetochores through an autocatalytic loop ( Figure 1D , reactions 4 and 5).
As the molecular mechanisms of the SAC are investigated at increasingly deeper detail, it becomes progressively more attractive to develop mathematical models to rationalize SAC behaviour and to predict the effects of its manipulation. Recent theoretical studies proposed that the autocatalytic loop of the Mad2-template model would force the cell to be permanently arrested in a state of operational SAC, with most Cdc20 sequestered by Mad2 [17, 18] . Other studies argued that the contribution of the autocatalytic loop to the SAC is negligible [19] . The previous studies, however, have neglected two fundamental kinetic and thermodynamic implications of the conversion of Mad2 from the open to the closed conformation. The kinetic implication is that the dramatic structural rearrangement of Mad2 can be expected to translate in a very slow, natural on-rate of binding to Cdc20. Were this true, the acceleration predicted by the ''template'' might be required to accelerate the formation of Mad2:Cdc20 complexes required to halt progression into anaphase. The thermodynamic implication is that the template model, as it is cast in Figure 1D , does not imply irreversible reactions ( Figure 1E ). Thus, the rate equations of the template model describe the influence of Mad2 dimerization on the rate at which the Mad2:Cdc20 complex forms, but do not imply a modification of the equilibrium concentrations of the Mad2:Cdc20 complex.
Here, we show through a combination of experimentation and mathematical modelling that catalytic amplification of Mad2:Cdc20 complex formation is required as a first step of checkpoint activation to overcome the kinetic barrier built in the Mad2:Cdc20 interaction.
Results

The Basal Rate of Binding of Cdc20 and Mad2 Is Slow
To gain insight into the basal rate of the interaction of OMad2 and Cdc20 (reaction 1 in Figure 1D ), it is important to remove the possible effects of dimerization. Previously, we have described several Mad2 point mutants that are impaired in dimerization, but that retain the ability to bind to Cdc20 in vitro [13, 15, 20, 21] . In one such mutant, Phe141 of Mad2 is replaced by Ala (Mad2 F141A ). Mad2 F141A is unable to sustain the ''conformational'' dimerization of Mad2 and is unable to complement a mad2 deletion strain of Saccharomyces cerevisiae [15, 21] .
In a first set of experiments, we sought evidence that wildtype Mad2 (Mad2 wt ) and Mad2 F141A bind Cdc20 with similar affinity. This expectation is sensible when considering that Phe141 is localized at the interface between O-Mad2 and CMad2, and that the dimerization interface occupies the opposite end of Mad2 from where Cdc20 binds ( Figure 1A and 1B). By using recently described approaches, Mad2 wt and Mad2
F141A were purified to homogeneity in a monomeric state and in the O-Mad2 conformation (Figure 2A and 2B) . A 1 lM concentration of these species was then incubated with a 1 lM concentration of a construct encompassing the Mad2-binding region of Cdc20 fused to glutathione S-transferase (GST; Figure 2C ). Indeed, at equilibrium (i.e., after a 24-h incubation), we found similar amounts of 
Author Summary
Mitosis, the partition of chromosomes from a mother cell to the two daughter cells, is based on the formation of attachments between chromosomes and the mitotic spindle. Cells enter mitosis with replicated chromosomes (sister chromatids) that are held together by a cohesive force. Upon attachment of the sister chromatids to the mitotic spindle, the cohesive force that holds them is removed, and the sisters are parted to opposite poles of the spindle. It is essential for the long-term viability of cells that chromosomes not be lost in the process. For this purpose, cells have evolved a molecular device (the spindle assembly checkpoint or SAC), which prevents loss of sister chromatid cohesion until all sister chromatids are properly attached to the mitotic spindle. An outstanding question concerns the way the SAC signal is amplified away from chromosomes that are not yet attached to the spindle. Such an amplification mechanism has been predicted on the fact that as few as a single unattached kinetochore is able to prevent sister chromatid cohesion. In this paper, we show that the properties of the SAC protein Mad2 are ideally suited to provide a mechanism of amplification to the SAC.
maximal binding between 1 and 3 h. Conversely, it took Mad2
F141A between 12 and 24 h to reach maximal binding ( Figure 2D ). These results suggest that the abrogation of the ability of Mad2 to form conformational dimers slows down the binding to Cdc20 in this assay. Indistinguishable results were obtained with another Mad2 dimerization mutant, Mad2 R133A (unpublished data).
In summary, the fact that Mad2 F141A is impaired in Mad2 conformational dimerization, and that its overall binding affinity to Cdc20 is unchanged relative to Mad2 wt , supports our argument that the rate of binding of Mad2 
A New Assay to Measure Binding Kinetics
To quantify the association rate between Cdc20 and Mad2 in vitro, we developed a real-time assay based on the binding of Alexa Fluor 488-labelled Mad2 (Alexa-Mad2) to a surface containing immobilized Cdc20 in a flow cell. The method is conceptually similar to the Biacore method, but is in principle amenable to multicolour analysis. Alexa-Mad2 [39] . Ribbon models were obtained with PyMol, by DeLano Scientific (http://www.pymol.org). The invariant core of the structure (N) is shown in red. The C-terminal mobile element (C), known as the ''safety belt'' [22] , is in green.
(B) Ribbon model of C-Mad2. The core of the structure is coloured yellow, with the C-terminal tail and safety belt in green. A segment of Mad1 that stabilizes the C-Mad2 conformation is shown in grey [22] . (C) Ribbon diagram of the O-Mad2:C-Mad2 asymmetric dimer with same colour codes as (A) and (B) [14] . (D) The Mad2 template model [13] . O-Mad2 and C-Mad2 are represented with red squares and yellow circles, respectively. Mad1 is represented with grey cylinders. The Mad2 binding site in Mad1 and Cdc20 is shown as a thin grey cylinder. The light-yellow hexagon includes all the reactions taking place at unattached kinetochores (Un-KT), while the grey hexagon includes cytosolic reactions. Cdc20:C-Mad2 is the only chemical species that belongs to both sets. The reactions describe binding (1), dimerization (2 and 4), and catalysis (3 and 5) . An underlying hypothesis of these reactions is the presence of a highly unstable form of active Mad2, I-Mad2, more prone to bind Cdc20 than O-Mad2. For the sake of simplicity, we do not include it explicitly in our reaction scheme. In Table S1 , we report the differential equations formalizing the reaction network. (E) The reactions of dimerization and catalysis form a closed loop that produces the binding reaction. Since no energy is introduced into the system, microscopic reversibility applies, and the hypothetical reaction does not affect the equilibrium of the system. doi:10.1371/journal.pbio.1000010.g001
and Alexa-Mad2 wt retained their monomeric O-Mad2 conformation after covalent fluorescent labelling ( Figure 3A ). As they bind to Cdc20 on the surface of the flow cell, they convert into C-Mad2 ( Figure 3B and 3C ). As the reaction proceeds, the signal in solution decreases, while the signal on the surface increases. By measuring the fluorescence on the surface (or the signal in solution; Figure S2 and Text S1) by confocal microscopy, we followed the binding kinetics at different concentrations of Mad2 F141A ( Figure 3C ).
We first attempted to interpret the kinetics of Mad2 binding to Cdc20 on the basis of reaction 1 in Figure 1D . Figure 3D ). By comparison, this on rate is almost four orders of magnitude slower than that of Mad2 dimerization (see below). The small rate constants are consistent with the semiquantitative binding experiments carried out with unlabelled Mad2 F141A ( Figure   2D ). As the dissociation constant (KD bind ) is given by the ratio k bind,off /k bind,on , our kinetic analysis predicts a KD of 100 nM for the interaction of Mad2 F141A with Cdc20, in excellent agreement with previous analyses [9, 13, 16, 22] . In agreement with previous studies [10, 14] , both Mad2 species can be purified in an O-Mad2 conformation that is identified based on the salt concentration (dotted line) at which these species elute from an anion exchange column. Mad2 species in the C-Mad2 conformation (yellow circle) elute at higher salt concentrations relative to the O-Mad2 species (red square) [10, 14] . (B) Mad2 wt and Mad2 F141A were separated on a Superdex-75 10/30 column. Both proteins elute as expected for monomeric forms. Dotted line represents the elution volumes of gel filtration standards. (C) GST-Cdc20 111À138 (at 1 lM total concentration) was immobilized on GSH-agarose beads, and incubated for 24 h at room temperature with 1 lM Mad2 wt or Mad2 F141A . The binding reactions were then analysed by SDS-PAGE. Band intensities were quantified by densitometric analysis, and the ratio between GST-Cdc20 and Mad2 bands were used to calculate the fraction of Mad2/Cdc20 complexes. Standard deviations (error bars) were calculated from experiments repeated three or more times. (D) The experiment described in (C) was carried out as a time course using 1 lM GST-Cdc20 111À138 and 2 lM Mad2 wt or Mad2
F141A
. SDS-PAGE gels were digitized, and the intensity of the bound fractions plotted as a function of time. As in (B), error bars indicate the standard deviation calculated from three or more experiments. doi:10.1371/journal.pbio.1000010.g002 The Formation of Dimers C-Mad2:O-Mad2 Accelerates the Reaction In summary, the kinetic analysis on Mad2
F141A confirms the hypothesis that the Mad2 conformational change is very slow and likely rate limiting for checkpoint activation. Several factors might contribute to accelerate the basal rate of binding revealed by our experiments. For instance, it has been reported that several kinases, including checkpoint kinases, target Cdc20, thus possibly contributing through phosphorylation to its susceptibility to be inhibited by the SAC [23] [24] [25] [26] [27] .
Although there might be numerous additional factors impinging on the velocity of formation of Mad2:Cdc20 complexes, we decided to test the concept that conformational dimerization of Mad2 is important to accelerate this binding reaction, as advocated by the Mad2 template model. To measure the effect of dimerization in the binding between Mad2 and Cdc20, we repeated the real-time binding experiments with Mad2 wt , which-compared to Mad2 F141A -has the ability to dimerize. In agreement with our hypothesis, the half-time of binding of Mad2 wt to Cdc20 at 2 lM Mad2 was five to six times faster than that of Mad2 F141A ( Figure 4A ). The binding kinetics were sigmoidal, typical for an autocatalytic reaction with a slow initial phase dominated by the binding of O-Mad2 to Cdc20, which is followed by a faster reaction based on activation by Mad2 dimerization.
We asked whether we could account for these results in silico by decomposing the reaction into three steps: binding, dimerization, and catalysis (i.e., reactions 1, 4, and 5 in Figure  1D .) Based on the fact that Mad2 F141A and Mad2 wt have the same affinity for Cdc20 ( Figures 2C and S1 ), k bind,on and k bind,off were assigned values previously determined for Mad2 F141A . Association and dissociation constants for dimerization, reaction 4, have been chosen to be compatible with the values measured experimentally: 0.3 lM À1 s À1 and 0.45 s À1 , respectively [13, 28] (Table 1) . Instead, the rates of the hypothetical catalytic reaction (reaction 5) are unknown. However, it should be noted that reactions 4 and 5 form a closed loop whose net result is reaction 1 ( Figure 1E ). Furthermore, these two reactions give rise to an autocatalytic reaction whereby Cdc20:C-Mad2 induces its own synthesis. Due to the principle of microscopic reversibility, KD cat ¼ k cat,off /k cat,on ¼ KD bind /KD dim , which implies that the only unknown parameter in our fitting is k cat,on . We find good fitting to the experimentally determined curves when we set k cat,on ¼ 3.0 3 10 À3 lM À1 s À1 ( Figure 4B and Table 1 ). This value is approximately two orders of magnitude larger than k bind,on , the noncatalysed reaction that leads to Cdc20 sequestration. Importantly, if we simply model the reaction with two terms, where Mad2 wt can only bind Cdc20 and form dimers (reaction 1 and 4 in Figure 1D ), but cannot catalyse the conversion of O-Mad2 (reaction 5), it is impossible to fit the experimental data (see, for example, the simulation for Figure 4B ). This result strongly implies that additional reactions besides binding and dimerization take place with Mad2 wt as opposed to Mad2 F141A . We note that the basal rate equation (reaction 1, Table S1 ) is based on kinetic parameters derived from experiments carried out with Mad2
F141A . Thus, our results provide very strong evidence that the rate of Cdc20 binding by Mad2 
Experimental Validation of Model Predictions
Our reaction scheme makes two key predictions. The first prediction is that the binding of O-Mad2 to Cdc20 should occur faster if the C-Mad2 catalyst was present at the beginning of the reaction. This reflects the fact that the natural formation of C-Mad2 is a slow process, and that CMad2 accelerates it. To illustrate this point, we compared the fitting curve for the total concentration of Mad2 wt equal to two lM (a fitting curve already shown in Figure 4B , which takes into account reactions 1, 4, and 5) with a simulation in which the interaction between Mad2 wt and Cdc20 was helped by the presence of Mad1:C-Mad2 via dimerization and catalysis according to reactions 2 and 3 in Figure 1D . (The two curves are shown in black and red in Figure 5A ). Due to the structural similarities between Mad1:C-Mad2 and Cdc20:C-Mad2, we assumed that the two species induce catalysis in the same way (i.e., reactions 3 and 5 share the same kinetic parameters), and that the same holds true for dimerization (reactions 2 and 4). The simulations show that the presence of preformed C-Mad2 overrides the lag phase in the binding of Mad2 wt to Cdc20, as it provides sufficient initial ''catalyst'' for the reaction ( Figure 5A ).
To test the prediction, we monitored the binding of 2 lM Alexa-Mad2
wt to approximately 1 lM Cdc20 (a concentration determined by fitting and experimentally, as described in Figure S4 and Text S1) on a surface with interspersed 0.25 lM of Mad1:C-Mad2. Mad1:C-Mad2 forms a very tight complex that cannot undergo significant dissociation within the time frame of our binding experiment [13, 20, 22, 28] . The ratio of free O-Mad2 to Mad1:C-Mad2 chosen for these experiments is similar to that believed to exist in living cells (see [28] and discussion therein), although we suspect that the active concentration of Mad1:C-Mad2, i.e., the pool of this complex that can be recruited to kinetochores, is probably smaller (see below). In quantitative agreement with the simulations, the reaction had no lag phase and produced an overall 3-fold acceleration relative to the noncatalysed rate ( Figures 5B and  S3) . Thus, preformed C-Mad2 accelerates the binding reaction, providing a very strong indication that in the absence of Mad1:C-Mad2, the lag phase represents the slow accumulation of C-Mad2 bound to Cdc20. Similar effects were observed when an initial ''seed'' of C-Mad2 was created (A) The different Mad2 species used in the analysis retained their O-Mad2 conformation (left) and monomeric state (right) after covalent labelling with Alexa Fluor 488. After SDS-PAGE separation, the Alexa-labelled species were visualized under a UV transilluminator. (B) A flow chamber was built in which a biotinylated Cdc20 peptide (;1 lM Cdc20, measured as the moles of peptide bound onto the surface divided by the volume of the chamber in litres; Figure S4 ) is immobilized onto the bottom surface through a biotin-streptavidin interaction. After addition of fluorescent Mad2, bound Mad2 can be visualized. The montage shows the specificity of the binding reaction. A black star characterizes Mad1 Table S1 . Parameters that gave the best fitting are reported in Table I . The fitting was carried out contemporarily on all available curves and at different concentrations as described in Text S1. As for the goodness of the fit, see Text S1 and Figure S5 . doi:10.1371/journal.pbio.1000010.g003
by letting substoichiometric amounts of unlabeled O-Mad2 bind Cdc20 on the surface prior to the addition of labelled OMad2 ( Figure 5C and 5D) .
The second prediction is that any interference with conformational dimerization should reduce the rate of binding of Mad2 wt to Cdc20. To test the prediction, we sought to impair the dimerization of Mad2. To this aim, we used p31 comet , a structural mimic of O-Mad2 that binds to CMad2 with an approximately 40-fold higher affinity relative to O-Mad2 and in a manner that is competitive with the binding of O-Mad2 [21, [28] [29] [30] . The association and dissociation rate constants for the interaction of p31 comet with Mad2 have been previously determined [28] . Once this reaction is introduced into our reaction scheme (reaction 6, Figure 5E ), the simulations show that the interference with conformational dimerization reduces the rate of binding of Mad2 wt to Cdc20 to the rate observed with Mad2 F141A , as it ''poisons'' the reaction catalyst by efficiently competing with conformational dimerization ( Figure 5F ). We tested this prediction by mixing 10 lM p31 comet with 2 lM Alexa-Mad2 wt , and by monitoring the binding of Alexa-Mad2 wt to Cdc20 in our real-time binding assay. As shown in Figures 5G and S3 , the experiments were in quantitative agreement with the prediction of our model.
Implications of Binding Rates for Spindle Checkpoint Activation
RNA interference (RNAi) experiments on SAC proteins in HeLa cells have demonstrated that the checkpoint must be already fully active approximately 10-12 min after nuclear envelope breakdown (NEB) [31] . In the absence of Mad2, for instance, HeLa cells undergo a precocious anaphase approximately 10-12 minutes after NEB. At present, we do not know precisely at which point, within the approximately 10-12-minute timeframe, the checkpoint response is mounted. We are also ignorant of the mechanisms that allow cells to remain in mitosis for approximately 10-12 min when the SAC is defective, although it has been proposed that this timing might reflect cyclin A degradation, which must be completed before cells can proceed into anaphase [32, 33] . For the purpose of our analysis, we assume that it might take between 5 and 10 min to mount a full SAC response after NEB.
We used the full model in Figure 1D , with the parameters estimated in vitro, to simulate the binding between Mad2 and (Table S1 and Table S2 ) and parameters in Table I . The fitting was carried out contemporarily on all available curves and at different concentrations as described in Text S1. As for the goodness of the fit, see Text S1 and Figure S5 . In the first panel (1 lM), a fit with only reactions 1 and 4 is also shown to demonstrate the importance of adding catalysis (reactions 5) in the fitting process. Notice how for low concentrations of Mad2, the kinetics follows a sigmoidal increase reflecting the slow initial binding of Mad2 wt to Cdc20. doi:10.1371/journal.pbio.1000010.g004
Cdc20 using published cellular concentrations (0. [34, 35] ). Assuming a system with 22 kinetochores and a total volume of 6 pl in ptK1 cells, we introduced a concentration of active Mad1:C-Mad2 (i.e., localized at the unattached kinetochores) of 22 kinetochores 3 0.28 nM ¼ 6.16 nM. This value is based on the assumption that at the beginning of prometaphase, all kinetochores are unattached, and all contribute to the activation of the checkpoint.
First, we run a simulation with Mad2 F141A , which is unable to form conformational dimers and is unable to sustain the SAC [15, 21, 36] . The simulation shows that at equilibrium, more than 50% of Cdc20 is sequestered, which is possibly compatible with checkpoint maintenance and thus at odds with the observed checkpoint defect. However, the result can be explained looking at the time course of the reaction: sequestration rate would have a t 1/2 of 9.5 h ( Figure 6A , blue line), which is clearly incompatible with rapid checkpoint activation.
The substitution of Mad2 F141A with Mad2 wt , i.e., the addition of dimerization and catalysis as measured in vitro, partly alleviates the problem (t 1/2 of 5.3 h, Figure 6A , red line), but does not resolve it. Thus, the checkpoint response would be unreasonably slow if we were to use the parameters measured in vitro. Incidentally, we notice that if the binding of Mad2 and Cdc20 would reach completion in living cells, the SAC would be constitutively operational, impairing cell viability. We hypothesize that in cells, such a fate is avoided by energy-dependent reactions that induce the release of Cdc20 from Mad2, as suggested recently [37, 38] .
We can envisage two reasons for the disagreement between our in vitro data and the observations in vivo. First, our simulations might underestimate the actual concentration of active Mad1:C-Mad2. If the kinetochores would serve as a platform where Cdc20 and Mad1:C-Mad2 react, then the local concentrations of these molecules would greatly increase. As a rough estimate, the radius of one kinetochore is 0.2 lm, to give a volume of 3.3 3 10 À5 pl. This provides a local concentration for Mad1:C-Mad2 and Cdc20 on one unattached kinetochore of 46.6 lM. If we introduce this modification, simulations show that free Cdc20 decreases to less than 50% with t 1/2 of 17 min (unpublished data).
The second reason might be that our model, which is exclusively based on measurements in vitro, lacks additional factors required to accelerate the binding in vivo, and therefore underestimates the extent of the catalytic component of checkpoint activation. For instance, the phosphorylation of Cdc20, which is neglected in our modelling, might be an additional factor of acceleration flanking conformational dimerization [23] [24] [25] [26] [27] .
We tried to quantify the increase in catalytic efficiency of the SAC machinery at the kinetochore, additionally to that provided by Mad2 dimerization, required to obtain reasonable activation kinetics. Simulations with our model show that when the catalytic potency of the kinetochores is increased 300-fold or more (to 0.9 lM À1 s À1 or faster) then the checkpoint response can be mounted within the limit of 10 min ( Figure 6A , orange trace). The identification of the actual molecular mechanism underlying this necessary increase in catalytic efficiency is a subject for further investigation.
Discussion
We have tested the implications of Mad2 activation kinetics for the SAC. An important conclusion from our studies is that in cells, the noncatalysed binding of Cdc20 and Mad2, albeit spontaneous, is very slow. This discovery is consistent with the dramatic conformational and topological change undergone by Mad2 when binding to Cdc20 [8, 9, 14, 16, 21, 22, 39] .
The detailed molecular mechanism underlying the formation of Cdc20:C-Mad2 is a matter of active research. The notion of an active form of Mad2 primed for the binding to Cdc20, intermediate Mad2 (I-Mad2), is now accepted [8, 16] , but the exact identity of such a form has not been revealed. Yang and collaborators have previously shown that C-Mad2 is a faster Cdc20 ligand relative to O-Mad2 [16] , and we have confirmed this result (M. Simoneta, R. Manzoni, M. Mapelli, A. Musacchio, and A. Ciliberto, unpublished data). Based on this observation, Yang and collaborators have proposed that an empty C-Mad2 might be the intermediate required for the formation of Cdc20:C-Mad2.
We believe that the conformational dimerization of Mad2 might be coupled to a catalytic activity that can accelerate the binding to Cdc20. This hypothesis is consistent with the recent structural and functional analysis of the Mad2 conformational dimer, which indicated that the removal of the N-terminal b1-strand of O-Mad2 required for the Parameters used for simulating the accumulation of signal on the surface ( Figures 3D, 4B , and 5A-5G) as well as for predicting the behaviour of the system in vivo ( Figure 6A ). Initial conditions used in the simulations always assume that at the beginning of the experiment, wt binding to the surface due to the presence of 0.25 lM Mad1:C-Mad2 interspersed with Cdc20. The prediction is that the reaction is accelerated because Mad2 wt can now rapidly bind to C-Mad2 in the Mad1:C-Mad2 complex, as a consequence of which, its transfer to Cdc20 is accelerated. Parameters are listed in Table 1, equations in Tables S1 and S2 Table 1, equations in Tables S1 and S2. (D) Experimental results confirm the prediction of the model. The chamber was pretreated with 0.2 lM nonfluorescent Mad2 wt until the reaction formation of C-Mad2 might be the rate-limiting step of the Mad2 conversion [14] . A possible mechanism to explain this effect is that C-Mad2, either bound to Mad1 or Cdc20, forms a dimer with O-Mad2 and releases it as I-Mad2 after using part of the binding energy to impart a conformational change onto O-Mad2. I-Mad2 either reverts to O-Mad2 or binds to Cdc20 with much faster binding rate relative to OMad2.
We simplified this scheme of O-Mad2 and Cdc20 binding with the assumption that I-Mad2 is short-lived. In our model, a direct interaction between Cdc20 and either Mad1:CMad2:O-Mad2 or Cdc20:C-Mad2:O-Mad2 is needed for the catalytic reaction to occur. This scheme, which is the simplest possible way to introduce catalysis, might be too simple. Nevertheless, numerical simulations account very well for the kinetics of Cdc20 binding, both for Mad2 wt and Mad2 F141A , provided that the association constant of the catalytic reaction, the only unknown parameter in our system, exceeds the simple binding of Mad2 F141A by two orders of magnitude.
A Comparison with Published Models
Barkai and coworkers (Doncic et al. [17] ) have discussed a ''self-propagating inhibition'' model as a possible representation of the Mad2-template model ( Figure 6B ). In the selfpropagating inhibition model, a protein c required for cell cycle progression, is turned at the kinetochore into an inactive species c* that can diffuse freely in the cytosol to convert more c into c* in an autocatalytic and irreversible process. It is difficult to reconcile the molecular mechanism of Mad2 activation with the formalism of the self-propagating inhibition model, and we therefore will not discuss it here in detail.
Certain aspects of the Mad2-template mechanism can be approximated by an alternative model, the ''emitted inhibition'' model [17] (Figure 6B) . The model posits that kinetochores are responsible for the activation of a species e to an active inhibitory form, e*. The e* inhibitor diffuses away from kinetochores and binds to the target c, the protein required for cell cycle progression. This creates, through an irreversible step, the inhibited form c*, which can then decay spontaneously and irreversibly into c and e. Although Barkai and collaborators [17] did not define the molecular identities of e, e*, c, and c*, we propose that e is O-Mad2, c is free Cdc20, e* is the active form of Mad2 that binds Cdc20, and c* is the inhibited form of Cdc20 (i.e., bound to C-Mad2).
There are two main differences between the emitted inhibition model and the Mad2 template model. The first difference concerns the presence of an autocatalytic loop in the Mad2 template model. The autocatalytic loop is based on the ability of Cdc20-bound C-Mad2 to help the conversion of O-Mad2, and it stems naturally from the structural similarities between the Mad1-bound and the Cdc20-bound C-Mad2. Previously, the existence of such an autocatalytic loop was ruled out based on the notion that it would instate a steady state with an operational SAC from which cells could not escape [17] . We argue that this effect was an inevitable consequence of the (unproven) assumption that the formation of the inhibitory complex is irreversible. Thus, a second difference between our model and the emitted inhibition model ( Figure 6B) is that in our model, the hypothesized catalytic reactions (autocatalysis and catalysis, reactions 3 and 5 in Figure 1D ) do not require any energy sources, and thus in the system analyzed here, they do not create or affect the steady state of the binding reaction between Mad2 and Cdc20. All reactions are fully reversible and indeed are expected to drive the system towards a state in which a large fraction of Cdc20 is bound to Mad2 ( Figure 6A ), but that is primarily due to the low KD bind . The steady-state Mad2-bound Cdc20 would be basically the same even in the absence of the catalytic reactions (i.e., only in presence of reaction 1 in Figure 1D) This feature of the SAC might explain the ability of cells to maintain the SAC for very long times (;24 h in human cells), and up to several days in some cases. At the same time, it poses the problem of how the SAC can be switched off in vivo. We predict, in agreement with the emitted inhibition model, that this occurs via an energy-driven process that creates a new steady state with SAC OFF (high concentration of free Cdc20). Most likely, the new steady state is achieved by inducing the energy-dependent release of Cdc20 from the complex Cdc20:C-Mad2. Recent data showing that Cdc20 ubiquitination (i.e., an ATP-dependent process) is required to free Cdc20 from bound Mad2 support our hypothesis [37, 38] .
If we recast the Mad2 template model using the formalism adopted by Barkai and colleagues [17] , we end up with the scheme shown in Figure 6B . Here, catalysis simply accelerates the completion of the reaction, as schematized in Figure 6C , and all reactions are reversible, except for the dissociation of the inhibited complex c*, which reflects the above-mentioned energy-dependent reaction that releases Cdc20.
An Energetic Point of View of the SAC
The maintenance of a SAC OFF state-in which the Cdc20:C-Mad2 complex cannot accumulate-might be rather cheap from the energetic standpoint. This is because the very large activation energy built into the Mad2 conversion works to maintain Mad2 in the O-Mad2 conformation, at least until O-Mad2 is allowed to dimerize with C-Mad2 ( Figure 6C ). In this scenario, the fact that the initial, noncatalysed association and dissociation rates are very slow guarantees the possibility to prevent the accumulation of Cdc20:C-Mad2 complexes. The proposed energy-dependent mechanism of Table 1, equations in Tables S1 and S2 .) The prediction is that the reaction is strongly delayed because p31 comet binds tightly to the Cdc20:C-Mad2 complex on the surface and prevents the recruitment of additional Mad2 wt through dimerization and catalysis. (G) The prediction in (D) is fully satisfied by experimental determination of the binding of 2 lM Mad2 wt to Cdc20 in the presence of 10 lM p31 comet (blue dots). The time course of Mad2 wt is strongly delayed by p31 comet , and it now resembles the rate observed in the presence of 2 lM Mad2 F141A , whose fitting is shown with a black line. P31, p31 comet . doi:10.1371/journal.pbio.1000010.g005
PLoS Biology | www.plosbiology.orgCdc20:C-Mad2 dissociation might contribute to the removal of Cdc20:C-Mad2 complexes that might form, slowly but spontaneously, in cell cycle phases other than M phase.
The need of a tight Mad1:C-Mad2 complex at the start of mitosis, when the checkpoint needs to be activated, fits nicely into this picture. Mad1:C-Mad2 allows the rapid initial rate of Mad2 binding to Cdc20, and avoids wasting time for the slow step of the reaction, the conversion from O-Mad2 to C-Mad2. The rapid formation of Cdc20:C-Mad2 triggered by conformational dimerization and other mechanisms exceeds the ability of the energy dependent mechanisms to continuously create free Cdc20, leading to the accumulation of Cdc20:CMad2. Previous analyses have suggested that the activation of Mad1:C-Mad2 early in prometaphase might require the inactivation of p31 comet , a negative regulator of the SAC that acts by binding to C-Mad2 in the Mad1:C-Mad2 complex, thus preventing its interaction with O-Mad2 [21, 29, 30] . The molecular details of p31 comet temporary inactivation, however, remain unclear.
The role of Mad1:C-Mad2 in SAC activation is illustrated with a simulation of a hypothetical system in which Mad1 binds to kinetochores as a monomer, and only later it recruits O-Mad2 to form the Mad1:C-Mad2 complex ( Figure 6A , green trace). Because the noncatalysed binding of O-Mad2 to Cdc20 is very slow, the binding of O-Mad2 to Mad1, which implicates the same conformational change of Mad2, is expected to be equally slow. Even if Mad1:C-Mad2 were endowed with increased catalytic power (e.g., 300-fold additional acceleration), its contribution would be very significantly delayed relative to that achieved with preformed Mad1:C-Mad2 ( Figure 6A , orange trace. The t 1/2 would be 175 min and 10 min, respectively).
The formation of Cdc20:C-Mad2, in turn, is likely to result in the formation of a larger inhibitory complex (the MCC) with the Bub3:BubR1/Mad3 complex. Although this paper focuses on what is possibly the first step in MCC formation, hereafter we provide a speculative overview of the series of reactions that lead from the isolated components to the formation of the MCC ( Figure 6C ). Previous analyses have shown that the presence of Mad2 favours the formation of a Bub3:BubR1/Mad3 complex in vitro and in vivo [5, [40] [41] [42] [43] [44] [45] , even if a Cdc20:Bub3:BubR1/Mad3 complex can be formed from purified components in vitro [43, 44] . Conversely, to our knowledge, there is little or no evidence that BubR1/Mad3 is necessary for assembling a complex of Mad2 with Cdc20. The requirements on Mad2 for the incorporation of Bub3:BubR1/ Mad3 in the MCC is reminiscent of the requirement of Mad1:C-Mad2 for the formation of the Cdc20:C-Mad2 complex. It leads us to speculate that the network of interactions that are responsible for SAC activation might consist of two consecutive kinetically limited steps. In this Figure 6 . Models of Checkpoint Activation in Living Cells (A) In the presence of physiological concentrations of Mad2, Mad1:CMad2, and Cdc20, the full model of Figure 1D (reactions 1 to 5) starts with all Cdc20 and O-Mad2 in the free form. The timing and levels of Cdc20 sequestration in a Cdc20:C-Mad2 complex are plotted. The Mad2 F141A mutant (blue line) sequesters Cdc20 extremely slowly. Mad2 wt is faster, but still too slow to account for the rapid SAC activation observed in living cells. Only if we arbitrarily assume catalysis at the unattached kinetochores (i.e., at Mad1:C-Mad2) to be 300 times faster in vivo than in vitro (orange line), the activation timing is satisfactory. Only in the presence of preformed Mad1:C-Mad2 can the unattached kinetochores effectively reduce the SAC activation timing. If the Mad1:C-Mad2 complex had to form from Mad1 and O-Mad2, the initial SAC response would be slow even when the catalytic activity of kinetochores (green line) is increased 300 times. Thus, Mad1:C-Mad2 must exist at the beginning of SAC activation for the Cdc20:C-Mad2 complex to accumulate rapidly. Parameters are listed in Table 1,  equations in Tables S1 and S2. (B) Graphical representations-adapted from the work of Barkai and collaborators [17] -of different SAC models. The small circle with radius q represents a kinetochore in a cell (circle with radius R) in which a given reaction (labelled ''at the centre'') takes place. The self-propagating inhibition model and the emitted inhibition model were proposed by Barkai and collaborators [17] , whereas the Mad2 template model [13] is described with a formalism similar to that adopted in [17] . Note that here, the only irreversible reaction is the reactivation of the inhibited form of the cell cycle progression protein c. The self-propagation model is distinct from the Mad2 template model. (See Discussion for more detailed descriptions of c, c*, e, and e*.) (C) A speculative representation of the energy profile of the formation of the MCC complex. DG 1 to DG 4 describe Gibbs' free energies for the four reactions described in the diagram. The first step of the preferred route to MCC formation is the formation of the Cdc20:C-Mad2 complex. The reaction is spontaneous, but the activation energy is extremely high. Conformational dimerization catalysed by Mad1:C-Mad2, and unknown additional factors can lower the activation energy, but the equilibrium of the reaction is unchanged. scheme, the initial activation of Mad2 will allow Bub3:BubR1/ Mad3 to bind Cdc20 and the APC/C as shown in Figure 6C . The diagram in Figure 6C clarifies that the formation of the MCC might not require external energy sources, but it requires catalysis. In the absence of catalysts, a checkpoint defect will arise due to the rapid APC/C-mediated destruction of cyclin B and securin, which will drive cells out of mitosis. This model provides a molecular network to the hypothesis that kinetochores act as catalysts in the formation of an anaphase inhibitor [46] . The autocatalytic loop supposedly active in the cytoplasm could have an important role to guarantee a robust SAC with a small number of unattached kinetochores.
In conclusion, we provided evidence that catalysis drives the formation of Cdc20:Mad2 complexes as initially suggested by the Mad2-template model. We found that catalysis not only is possible, but is indeed required for an efficient and functional checkpoint. Indeed, our studies show that although the catalytic conversion of O-Mad2 based on its dimerization with C-Mad2 might be necessary to accelerate O-Mad2 binding to Cdc20, it is unlikely to be sufficient. Future studies will have to concentrate on the important problem of identifying by which additional mechanisms, besides Mad2 dimerization, the interaction of Mad2 with Cdc20 can be accelerated.
Materials and Methods
Protein purification. Full-length Mad2 wt , Mad2
F141A
, and p31 comet were purified as described [14] with the exception of the final sizeexclusion chromatography separation, which was performed on a Superdex-75 column (GE Healthcare) equilibrated in PBS buffer. Biotinylated Mad1:C-Mad2 was expressed and purified using an AviTag system (Avidity) as described [28] .
Labelling with Alexa 488. The 100 lM purified Mad2 wt and Mad2
F141A were incubated at 4 8C for 12 h with a 10-fold molar excess of Alexa 488 C 5 maleimide (Molecular Probes) and 2 mM tris(2-carboxyethyl)phosphine (TCEP) in PBS. Size-exclusion chromatography on a Superdex-75 column was used to separate the unbound fraction of dye from labelled proteins.
Kinetics experiments. Ten-microlitre chambers (l-slide V; Ibidi) were coated with neutravidin. Chambers were equilibrated with 150 ll of MilliQ water and 15 ll of neutravidin 1 mg/ml (A-2666; Molecular Probes) in TRIS-EDTA buffer. A total of 15 ll of 10 mg/ml BSA in MilliQ water was added step by step with 30-min incubations followed by 150 ll of MilliQ washing. After equilibration with 150 ll of PBS, 15 ll of synthetic biotin-Cdc20
111À138 at a concentration of 25 lM in PBS was added to the chamber and incubated for 30 min. Finally, the chambers were washed with 150 ll of PBS. ''Doping'' the surface with preformed C-Mad2. Purified biotinylated Mad1:C-Mad2 complex was immobilized onto the surface of the l-slide V. The surface was then coated with neutravidin as described above. After equilibration with 150 ll of PBS, 15 ll of 0.250 lM biotinylated Mad1:C-Mad2 complex in PBS and 15 ll of 25 lM synthetic biotin-Cdc20 peptide 111À138 in PBS were added and incubated for 30 min. The surface was then washed with 150 ll of PBS.
Parameters estimation. Parameter estimation was performed with PET, a free software developed by Dr. Jason Zwolak (Virginia Polytechnic Institute and State University). Numerical simulations were carried out with XPP-AUT, a free software program developed by Prof. Bard Ermentrout (Department of Mathematics, University of Pittsburgh; http://rd.plos.org/pbio.1000010) Additional details on parameter estimation are to be found in Text S1. Figure S1 .
Supporting Information
[Cdc20] at Equilibrium as a Function of KD bind In Figure 2C , we aim to verify experimentally that Mad2 wt and Mad2 F141A share the same KD bind by measuring the amount of Cdc20 that they bind at equilibrium. Here, we provide evidence for the assumption that if the two proteins bind a similar amount of Cdc20, then they must have a similar KD bind . We plot [Cdc20] at equilibrium as a function of KD bind , both for Mad2 F141A (black line; reaction 1 in Figure 1D ) and Mad2 wt (green line; this being an equilibrium analysis, we only take into account reactions 1 and 4 in Figure 1D ). We show that if KD dim is 1.5 lM, compatible with the values reported in [28] , Mad2 F141A and Mad2 wt are expected to bind a very similar amount of Cdc20 for a wide range of KD bind . The relative amounts of [Cdc20] at equilibrium for Mad2 wt and for Mad2 F141A with KD bind 0.1 lM (the value estimated in this paper) are marked by a green-filled dot and a black-filled dot, respectively. As in the experimental setting for Figure 2C . Simulations (black curves) produced with reaction 1 in Table S1 and the following parameters: Tables S1 and S2 , parameters in Figure S2 and Figure S4 . Determination of Cdc20 Bound onto the Surface We performed an experiment to estimate the amount of Cdc20 bound onto the surface, expressed as the number of moles bound over the volume of the chamber in litres. Alexa-545-Cdc20 binds both to avidin (i.e., specifically) as well as to unidentified receptors on the surface (i.e., aspecifically). To distinguish between these two populations, experiments are performed either adding Alexa-545-Cdc20 directly, or adding it after pretreating the chamber with biotin. In the first case, both aspecific and specific binding will occur, whereas in the second, the binding will only be aspecific since no avidin sites will be available for Alexa-545-Cdc20. First, we estimated the saturating amount of Cdc20, i.e., the minimal concentration of Cdc20 in the volume of the chamber that will saturate all the binding sites, and then we set to measure the amount of Cdc20 that actually binds onto the surface. (A) Determination of the saturating concentration of Cdc20. The chambers are coated as described in Materials and Methods and then treated or not with a large excess of biotin. Alexa-545-Cdc20 is added to the chambers and incubated for 30 min to allow a complete binding. Unbound proteins are washed away, and fluorescence on the surface is measured at equilibrium. Experiments are performed with five different concentrations of Alexa-545-Cdc20 (25 lM, 10 lM, 5 lM, 1 lM, and 0.5 lM). For each concentration of Cdc20, fluorescence on the surface at steady state is plotted in presence (blue) or absence (red) of biotin pretreatment. The saturating amount of Cdc20 can be estimated between 1 and 2 lM. (B) The specific binding of Cdc20 is calculated as the difference between the fluorescence measured on the surface without and with biotin pretreatment. Again, the saturating amount of Cdc20 can be estimated between 1 and 2 lM. (C) Estimate of Cdc20 bound onto the surface. The chambers are coated as described in Materials and Methods and then treated (blue), or not treated (red), with a large excess of biotin. A saturating amount of Alexa-545-Cdc20 (2 lM) is then added to the chambers. Binding can be measured as the difference between the initial concentration in solution (2 lM) and the remaining concentration at equilibrium. This amounts to 1 lM Cdc20 for the total binding (red curve) of which 0.5 lM is due to aspecific binding (blue curve). Found at doi:10.1371/journal.pbio.1000010.sg004 (38 KB PDF). . For each time point of the series in Figure 3D , we plot the difference between experimental values and fitted curve. (B) The same analysis is shown for Mad2 wt (experimental and fitted data in Figure 4B ). Found at doi:10.1371/journal.pbio.1000010.sg005 (88 KB PDF). Table S1 . Differential and Algebraic Equations Differential equations have been derived by applying the law of mass action to the reactions in Figure 1D , as reported in the names of the different rates. In this table, we present a system of ordinary differential equations (ODEs) that includes all the molecular species; but in different simulations, a smaller subset of reactions is included, as explained in Table S2 . The resulting systems of ODEs and algebraic equations can be derived accordingly. Found at doi:10.1371/journal.pbio.1000010.st001 (246 KB PDF). Table S2 . Combinations of Reactions Used for Simulations The simulations that we report in the paper are obtained by differential equations that are produced by different combinations of the reactions enlisted in Table S1 . Here, we report the reactions that have been used for each simulation. The conservation relations can be deduced accordingly. Found at doi:10.1371/journal.pbio.1000010.st002 (40 KB PDF).
Text S1. Methods Used for Parameter Estimation Found at doi:10.1371/journal.pbio.1000010.sd001 (150KB PDF).
